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a b s t r a c t 
Osteoporosis resulting in a reduction in bone stiffness and thinning of the cortex is almost universal 
in older patients. In this study a novel method to generate computational models of the distal femur 
which incorporate the effects of ageing and endosteal trabecularisation are presented. Application of this 
method to pre- and post-knee arthroplasty scenarios is then considered. These computational methods 
are found to provide a simple yet effective tool for assessing the post-arthroplasty mechanical envi- 
ronment in the knee for different patient types and can help evaluate vulnerability to supracondylar 
periprosthetic fracture following implantation. Our results show that the stresses in the periprosthetic 
region increase dramatically with ageing; this is particularly true for higher ﬂexion angles. Stresses in 
the anterior region of the femoral cortex were also found to increase signiﬁcantly post-implantation. The 
most dramatic increases in stresses and strains at these locations were observed in old osteoporotic pa- 
tients, explaining why this patient group in particular is at greater risk of periprosthetic fractures. 
© 2016 IPEM. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 
Ageing and osteoporosis both lead to deterioration in bone
uality. Due to medical advances the global population as a whole
s ageing. Therefore, consideration of how the change in bone qual-
ty inﬂuences the mechanical environment of the femur after to-
al knee arthroplasty (TKA) assumes great importance, particularly
ince the number of operations performed each year continues to
ncrease [1] . In general, TKA is a successful operation with implant
urvival rates at 10–15 years of greater than 90% [2,3] . However,
 number of studies have shown the potential for failure or com-
lication arising post-implantation, leading to an increase in the
umber of revision surgeries performed [4–6] . These studies have
lso shown that the incidence of periprosthetic supracondylar frac-
ure increases over time, probably due to a combination of ‘‘phys-
ological’’ and periprosthetic osteoporosis. At the time of revision
urgery the quality of bone for ﬁxation is important in terms of
he stability of the replacement revision prosthesis and hence its
ongevity. Areas immediately under the primary implants, particu-
arly behind the anterior ﬂange and posterior condyles of the fe-∗ Corresponding author at: The Queen’s Medical Research Institute, 47 Little 
rance Crescent, The University of Edinburgh, EH16 4TJ Edinburgh, UK. Tel.: + 44 
31 242 9219. 
E-mail address: noel.conlisk@ed.ac.uk , noecon@gmail.com (N. Conlisk). 
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ttp://dx.doi.org/10.1016/j.medengphy.2016.06.014 
350-4533/© 2016 IPEM. Published by Elsevier Ltd. All rights reserved. ur develop signiﬁcant periprosthetic osteoporosis [7–10] . Bone
oss under the implant and stress concentrations around the im-
lant are thought to inﬂuence the pattern of periprosthetic femoral
racture [6,8,11] . 
The use of ﬁnite element (FE) models as a tool to investi-
ate complex clinical scenarios and critical cases is becoming more
idely accepted. These models provide information which cannot
asily be obtained from a lab or clinical research investigation.
tudies often use CT based inhomogeneous material properties for
he bone [12–14] in which the variation of elastic modulus is esti-
ated from the variation of apparent bone density in the speciﬁc
emur being considered. Few studies in the literature directly com-
are the inﬂuence of healthy and osteoporotic bone on the femur
15–17] due to this speciﬁcity, fewer still have investigated the in-
uence of bone properties following joint arthroplasty on the me-
hanical environment in the femur e.g. [18,19] . 
In a study of 163 patients, Bousson et al. [20] employed micro-
adiographs and image analysis techniques to investigate the in-
uence of age and gender on the porosity of three sub-regions
endosteal, mid-cortical and periosteal) from the anterior cortex
f the femoral mid-shaft. The authors found that pore size and
umber increased with increasing age in younger patients ( < 60
ears). Furthermore, it was observed that pore size and number
ere proportionally similar in each of the three sub-regions in
ale specimens, whereas female specimens exhibited signiﬁcant
960 N. Conlisk et al. / Medical Engineering and Physics 38 (2016) 959–968 
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f  cortical thinning in the endosteal sub-region in particular. Simi-
larly, a more recent study of 688 women and 561 men by Russo et
al . [21] indicated that cortical thickness in female specimens of 80
years or greater is approximately 50% of that measured in younger
female samples. Age related variations to the bone geometry and
porosity at the microscopic [20,22] and macroscopic levels [21] can
have considerable impact on its mechanical properties and may
have serious implications for fracture risk. The majority of previ-
ous research has focused on modeling cases representing a normal
patient. It has been well documented that as we age our bones un-
dergo mechanical and structural changes [20–22] . As a result im-
plants designed to suit an average and otherwise healthy patient
may induce a very different response in an elderly or pathological
patient. 
In the present study, FE models of the intact and post-TKA (em-
ploying posterior stabilising or PS implant) distal femur were de-
veloped. The aim of this study was to determine how incorporation
of the effects of ageing (by means of a reduction in bone stiffness)
and trabecularisation (modelled through pseudo-thinning) of the
cortex, inﬂuence the observed mechanics post-implantation. 
2. Methods 
A three-dimensional virtual reconstruction [23] of the large left
fourth generation composite femur (Sawbones; Paciﬁc Research
Laboratories, Vashon, Washington, USA), was used for this study
( Fig. 1 ). This geometry was subsequently modiﬁed to accept the
posterior stabilising (PS) implant, also shown in Fig. 1 . Physical
implant measurements and surgical theatre templates were used
in conjunction with computer aided design software (Autodesk In-
ventor 2010, Autodesk Inc. San Rafael, California, U.S) to develop
3D models of the femoral implant; the same software was also
used to incorporate surgical cuts into the femur for accommodat-
ing a posterior stabilizing (PS) implant (Triathlon® series, Stryker®,
Newbury, United Kingdom) as shown in Fig. 1 . The position of the
implant on the bone was veriﬁed by an experienced orthopaedic
surgeon (the second author). It is important to note that a number
of companies supply similar PS implants (e.g. Stryker: Triathlon TM 
series; DePuy: P.F.C. Sigma TM series; Smith & Nephew: Genesis II TM 
series) although minor details of the implant’s external/internal
geometry vary between manufactures. Finite element meshes for
the intact and the implanted femurs were created and analysed
in Abaqus 6.8.1 (Dassault Systemes, Simulia, Providence, RI, USA).Fig. 1. Creation of intact and PS implanted distal femur FE meshes from CAD model 
of composite femur. 
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a  he meshes typically comprised of 290,0 0 0 10-noded tetrahedral
lements. The average element size was 2 mm based on conver-
ence studies (a further reduction in element size produced neg-
igible change of displacements/stresses). Simulation runtime for
ach model was typically in the region of 2-3 hours, on a windows
C with a dual core i5 processor (2.6 GHz) and 8GB of ram. 
.1. Material properties 
Cortical bone properties were based on whether healthy or
athological bone was being considered. Previous studies have
hown that ageing results in cortical thinning [20,21] and a de-
rease in bone stiffness [24] . It has also been shown that with age-
ng, trabecularisation is initiated from the endosteum [20] resulting
n the endosteum becoming much less stiff than the periosteum
24] . 
In this study, a heat transfer analysis was used as an artiﬁce
o assign variable elastic properties through the cortical thickness,
.g. from endosteum to periosteum. For this we took advantage of
nalysis capabilities available in Abaqus 6.8.1 used in this study.
ndeed heat transfer capabilities are widely available in several FE
ackages. The ﬁrst step was to assign a temperature of θ1 = 0 to
he endosteal surface and a temperature of θ2 = 1 to the periosteal
urface ( Fig. 2 a). A heat transfer analysis was then conducted with
 unit value of thermal conductivity k = 1 W/mm ·K and the tem-
eratures were permitted to reach a steady state. The variation of
emperatures through the cortical thickness is shown in Fig. 2 a and
. These temperatures were then used as a proxy to assign vari-
ble elastic moduli to bone as a function of distance through the
ortex, as shown in Fig. 2 c, to create age dependent models. Be-
ore discussing these models it is important to emphasise that the
ariation of temperature so obtained (not the value itself) will not
epend on the initial temperatures chosen (they only need to be
ifferent at the two surfaces) or the thermal conductivity. A simi-
ar technique was used by Davis et al . [25] to deﬁne regional inho-
ogeneity over complex biological structures. 
In the current study, four relationships were then deﬁned be-
ween Young’s modulus ( E ) and temperature in order to charac-
erise the inhomogeneity of bone properties (young and old) and
o model cortical thinning as shown in Fig. 2 c, as can be seen
rom the Figure, the periosteum always had a higher elastic modu-
us than the endosteum. Also the elastic moduli at the periosteum
or old healthy (OH) and old osteoporotic (OOP) were assumed to
e lower (16,700 MPa) than young healthy (YH) and young osteo-
orotic (YOP) bone (22,0 0 0 MPa). 
Physically changing the geometry of the femur model to that
f an osteoporotic geometry is not a trivial task due to its com-
lex organic shape. Nevertheless, such changes are likely to be of
igniﬁcance to patient outcomes post-implantation. In this study,
steoporotic bone (both young and old) was characterised by a
oung’s modulus equivalent to that of cancellous bone (155 MPa)
t the physical endosteum of the model, while the healthy en-
osteal value was offset to a spatial position representative of
0% of the cortical thickness ( Fig. 2 c mid-points on graph) using
he aforementioned method for assigning a spatial distribution of
roperties to the bone. In this manner, the effect of cortical thin-
ing was approximated through manipulation of stiffness values,
cting as a proxy for geometrical changes which may occur due
o osteoporosis and trabecularisation of the endosteum. Bousson
t al. [20] showed that porosity increases more rapidly from pe-
iosteum to endosteum for older patients and Donaldson et al.
24] showed that for the femoral cortex porosity is linearly re-
ated to Young’s modulus. The created models attempt to represent
his. The Young’s moduli at the endosteum were 16,700 MPa and
0 0 0 MPa for YH and OH cases respectively. Values for both young
nd old bone material properties were based on values (average of
N. Conlisk et al. / Medical Engineering and Physics 38 (2016) 959–968 961 
Fig. 2. (a) applied thermal boundary conditions, (b) resulting temperature gradient, (c) graph showing relationships between temperature and Young’s modulus for each 
case investigated, and (d) cross section through the femur highlighting the distribution of Young’s modulus following application of temperature methodology. 
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crincipal directions) taken from the literature [26] . The variation
f elastic properties through cortical thickness for the four models
reated is shown in Fig. 2 d. In all cases a Poisson’s ratio = 0.3 was
ssumed for cortical bone regions. 
All material property assignments were completed prior to any
mplantation. It is important to note that the method described
bove permits evaluation of the mechanical response due to age-
elated changes for essentially the same femur; this is not possible
hen employing CT based properties due to specimen speciﬁcity.
he process also allows a simple method for assigning throughhickness material properties which is not trivial, particularly if at-
empted manually. It is also important to point out that heat trans-
er analysis provides temperatures at the nodes, whereas mate-
ial properties need to be assigned to integration points. This was
chieved using element shape functions. 
Application of inhomogeneous cortical bone properties to the
emur pre- and post-implantation resulted in a total of eight differ-
nt models (four intact and four implanted with the PS implant),
ach of these was examined under three different load cases (dis-
ussed below). 
962 N. Conlisk et al. / Medical Engineering and Physics 38 (2016) 959–968 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1 
Forces used in the FE analyses for the three ﬂexion angles. Values were obtained 
from previous in-vivo telemetric implant studies [36,45] , normalised in terms of 
body weight and then applied to the FE model for an assumed average body weight 
of 775 N. 
0 o 22 o 48 o 
Medial Force Fm (N) 436 1159 1160 
Lateral Force FL (N) 291 772 773 
Medial Anterior–Posterior force APm (N) −57 130 −3 
Lateral Anterior–Posterior force APl (N) −57 130 −3 
Patella-Femoral Force PF (N) 45 327 567 
Internal-External moment IE (Nmm) −829 3292 −7029 
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t  
c  For all eight models, cancellous bone was assumed to
be isotropic as in many previous studies, e.g. [20–22] , with
the values assigned to cancellous bone structures (Young’s
modulus = 155 MPa, Poisson’s ratio = 0.3) being within the range of
reported values from current literature [23,24] . Where relevant,
the implant was assigned properties for a cobalt chromium alloy
(E = 210,0 0 0 MPa, ν =0.3) in line with manufacturer’s speciﬁcations
(Stryker®, UK). 
2.2. Boundary conditions 
The choice of boundary conditions can greatly affect the out-
put parameters being considered in an FE analysis (e.g. stresses,
deformations), previous studies have shown that the stress distri-
bution in the femur or pelvis can be altered signiﬁcantly by the
inclusion of boundary conditions that incorporate muscles and lig-
aments [27–29] . Studies within our group have also shown that
the mechanical environment close to the points of load applica-
tion is minimally affected by the restrained boundary conditions at
some distance [19,27,30] . Therefore, the femur in this instance was
ﬁxed at a distance of 240 mm from the distal end. These bound-
ary conditions are similar to most previous modelling studies
[12–14,19,31,32] . Proximal ﬁxation of the femur is also commonly
employed in in vitro experiments examining knee implants e.g.
[33,34] . 
2.3. Loading 
There is large variability in reported loading of the knee joint
for the same activity [35–47] , as such this study considered forces
acting on the knee as reported by previous studies that used in
vivo telemetric implants [36,45] . To enable generation of consis-
tent data sets load values were normalised in terms of subject
body weight. This study considered three functional ﬂexion angles
(0 °, 22 °, and 48 °) during the stance phase of gait for a normal
walking cycle. Each ﬂexion angle was modelled as a static load
step. The load acting on the femur comprises of 6 separate com-
ponents: patella-femoral force (PF); the medial and lateral compo-Fig. 3. Arrangement of forces acting on the knee joint (top-left), and regions over which ents of the joint normal force (Fm and Fl); the medial and lateral
omponents of the joint shear force (APm and APl); and the in-
ernal/external (IE) moment. The values used for the three ﬂexion
ngles are given in Table 1 . These forces were applied over realistic
ontact areas [48] as shown in Fig. 3 , assuming correct alignment
f the implant. Each of the six components of force were applied
ver three contact areas – PF, Fm and Fl acting normally and APm
nd APl tangentially on the corresponding contact areas for each
f the ﬂexion angles tested. Computationally the I/E moment was
ncluded by altering APm and APl forces. 
.4. Interface conditions 
In all models incorporating the PS implant, the interface was
odelled using tied constraints. These prohibit relative motions
etween the implant and bone at all contacting surfaces, simulat-
ng osseointegration of the implant into the host bone at the time
f analysis. 
. Results 
To highlight the overall impact of ageing and implantation on
he mechanical environment in the distal femur post TKA, we ﬁrst
onsider a frontal section c–c as shown in Fig. 4 . We then examinethey are applied for 0 ° (top-right), 22 ° (bottom-left) and 48 ° (bottom-right) ﬂexion. 
N. Conlisk et al. / Medical Engineering and Physics 38 (2016) 959–968 963 
Fig. 4. Location of frontal (c–c) and transverse (d–d) sections taken through the fe- 
mur. Also highlighted are four key points of interest on the cortex in the peripros- 
thetic region at the location of section d–d. 
Fig. 5. Contour plot showing the magnitude and distribution of von Mises stress in 
the distal femur at section c–c, for both pre- and post-implantation scenarios, for 
the OOP case, at 0 ° and 48 ° ﬂexion. 
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Fig. 6. Contour plot showing the magnitude and distribution of von Mises stress in 
the distal femur at section d–d, for both pre- and post-implantation scenarios, for 
the OOP case, at 0 ° and 48 ° ﬂexion. 
Fig. 7. Contour plots of the equivalent strain in the transverse section d–d for all 
cases at 48 ° ﬂexion. 
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t   transverse section (d–d) just above the implant, this region (d–
) has been shown to be critical with regard to fractures for both
re- and post-implantation cases [49–51] . For quantitative inves-
igations, we also considered four representative points along the
ortex at section d–d, as shown in Fig. 4. 
Stress contours for both the intact and implanted (OOP cases) at
ection c-c are shown in Fig. 5 . These show that post-implantation,
arge stresses shift proximally from the condylar region to the dia-
hyseal region, indicating stress-shielding in close proximity to the
mplant. This is possibly as a result of the concentrated joint force
eing distributed over a wider area due to the signiﬁcant stiffness
f the implant. It should also be noted that much larger stresses
re generated at 48 ° ﬂexion in comparison to 0 ° ﬂexion. Stress
ontours at section d–d, once again for the OOP case, are shown
n Fig. 6 . While at the ﬂexion angle of 0 ° the cortical stresses in
he intact and implanted femurs are found to be almost identical,
here is a signiﬁcant difference at 48 ° ﬂexion. Interestingly, at the
igher ﬂexion angles large cortical stresses are more widespread
ost-implantation (particularly in the anterior region). 
Equivalent strains were examined for all four patient scenario
nvestigated (YH, OH, YOP, OOP), for the 48 ° ﬂexion angle as shown
n Fig. 7 . These show, that for all patient scenarios, strains at sec-
ion c-c are signiﬁcantly higher following implantation. The Figure
lso shows that old osteoporotic implanted bone experiences much
arger strains in this region in comparison to young healthy bone. 
In order to gauge the quantitative variations, von Mises stresses
nd equivalent strains were evaluated at the four representative
oints shown previously in Fig. 4 , for all four patient scenarios andt each ﬂexion angle investigated. The resulting values are pre-
ented in Figs. 8 and 9 . At 0 ° ﬂexion, stresses and strains at the
our points considered are quite similar pre- and post-implantation
 Fig. 8 a and Fig. 9 a), in fact stresses and strains are slightly higher
or the intact case. This scenario changes completely with increas-
ng ﬂexion angle. 
At 48 ° ﬂexion, the stresses and strains are much higher post-
mplantation for all four points considered in comparison to the
orresponding intact case ( Fig. 8 c and Fig. 9 c). In all cases the OOP
atients experience the largest strains and stresses, whereas the
H patients experiences the least, in general going from the YH
ase to OOP case lead to an approximate increase in stress of 68%.
t is interesting to note, that at 0 ° ﬂexion the stresses at the an-
erior location are very similar for both the intact and implanted
964 N. Conlisk et al. / Medical Engineering and Physics 38 (2016) 959–968 
Fig. 8. Bar charts of equivalent strain at each of the four points of interest (indicated in Fig. 4 ) for all the cases investigated at (a) 0 °, (b) 22 °, and (c) 48 ° ﬂexion. 
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pcases. However, at higher ﬂexion angles, the anterior stresses in-
crease far more dramatically in the implanted cases, than at any
other location. For example, if we examine the anterior point of
interest for the OOP case, going from 0 ° to 48 ° ﬂexion leads to an
increase in von Mises stress from 4.17 MPa to 37.49 MPa for the im-
planted femur. However, stresses in the intact case are observed to
decrease over the same ﬂexion range, from 5.5 MPa at 0 ° ﬂexion to
2.52 MPa at 48 ° ﬂexion. . Discussion 
The purpose of this study was to introduce a novel yet sim-
le method to investigate the inﬂuence of ageing and osteoporo-
is on the mechanical environment in the femur pre- and post-
mplantation with a posterior stabilising (PS) femoral component.
ultiple ageing and osteoporotic scenarios were modelled by em-
loying this method on a single base femoral geometry. 
N. Conlisk et al. / Medical Engineering and Physics 38 (2016) 959–968 965 
Fig. 9. Bar charts of von Mises stress at each of the four points of interest (indicated in Fig. 4 ) for all the cases investigated at (a) 0 °, (b) 22 °, and (c) 48 ° ﬂexion. 
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u  Some studies [12–14] , including those from our group [52] ,
ave incorporated variation of properties on the basis of CT atten-
ations from a speciﬁc patient/bone. A study by Au et al. [53] ex-
mined the effect of inhomogeneity using such a method, in the
ontext of the intact distal femur and proximal tibia. However,
hese approaches and consequent results are subject-speciﬁc, and
herefore cannot be used to establish general trends about a par-
icular patient group. To our knowledge the comparative effect ofnhomogeneity, moving from a young healthy to old osteoporotic
cenario, on both the intact and implanted distal femur has not
een previously examined. Furthermore, the authors are not aware
f a comprehensive CT dataset containing multiple scans from
he same subject at different ages/stages of disease progression
hat would permit this using a CT attenuation based approach. As
uch, this study has based the variations of Young’s modulus val-
es (from endosteum to periosteum) on the average of directional
966 N. Conlisk et al. / Medical Engineering and Physics 38 (2016) 959–968 
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i  values [26] obtained from a population specimen study. The level
of cortical thinning was also based on data from population stud-
ies [20,21] . This approach permits us to evaluate such trends in the
absence of subject speciﬁc data. 
In this study, a virtual reconstruction [23] of the large left
fourth generation composite femur (Sawbones, USA) was used as
the base geometry for all models. By using a normalised bone ge-
ometry and applying the same loading and boundary conditions,
(and in fact using the exact same mesh) we can say with some
certainty that the observed differences in implant performance, e.g.
under young healthy and old osteoporotic conditions, are as a di-
rect result of changes to the material properties alone. This would
not be so easy to discern should two different CT based patient-
speciﬁc femurs (e.g. healthy and osteoporotic) be compared di-
rectly, as changes in shaft angulation, condylar shape/size, femoral
alignment, and cortical thickness could obscure important trends. 
As in several previous studies [9,10,13,14] , our study shows that
there is considerable stress-shielding distally under the femoral
component, particularly in the condylar region [8,9] (as seen in
Fig. 5 ). This fact has been well known. However, more impor-
tantly this study shows that the presence of an implant results
in large stresses being transferred to the proximal region. This is
much more pronounced at a higher ﬂexion angle. This is appar-
ently because at higher ﬂexion angles loading is more likely to
cause bending. For the implanted case stresses and strains shift
proximally, generating higher stresses in the diaphysis, while the
implant and the bone within it rotate as a rigid body in the distal
region. This may also explain why periprosthetic fractures after to-
tal knee arthroplasty are often seen in the region just proximal to
the femoral component. Further examination of these models also
revealed that large stresses occur beyond the anterior ﬂange post-
implantation in the region widely associated with periprosthetic
supracondylar fracture initiation [50,51] . Some previous studies
have assessed the mechanical environment of the femur, or im-
plant stability at 0 ° ﬂexion e.g. [33,54] . In this study, as in pre-
vious work by the authors [19,34] , it has been shown that con-
sideration of higher ﬂexion angles is critical when evaluating the
performance of implants. Contrary to previously reported ﬁndings
e.g. [55] 0 ° ﬂexion is found to be inadequate for discerning key
differences between femora, in particular with regard to stress-
shielding. 
Frequently in biomechanical studies it is stresses rather than
strains that are examined and reported. Due to the low Young’s
modulus associated with cancellous bone regions, large stresses
are rarely observed where there is cortical bone present to carry
loads. However, in the present study a dramatic increase in the tra-
becular strains was observed due to ageing and osteoporosis post-
implantation (as seen in Fig. 7 ). Similar ﬁndings were reported by
van Rietbergen et al. [15] in the context of the proximal femur.
In their study, μFE models of the femur were modiﬁed through
manipulation of CT threshold values for trabecular bone to repli-
cate osteoporotic microstructure. van Rietbergen et al . found that
strains in the osteoporotic femur were much higher (by approxi-
mately 60%), with a less favourable and more widespread distribu-
tion. 
In the present study, through incorporation of realistic loading
conditions and more physiological material distributions through
the cortex, it has been shown that both ageing and trabecularisa-
tion exert a signiﬁcant effect on periprosthetic strain in the cortex
of the intact and implanted femurs. It is important to recognise
that any deterioration in material properties in the form of a re-
duced elastic modulus will result in an increase in strain. This is
particularly evident in the OOP case, which incorporates both a re-
duction in properties and an element of thinning, and is found to
exhibit the most signiﬁcant rise in both strains and stresses. Inter-
estingly we found that thinning itself (YOP) had a more signiﬁcantmpact on the mechanical environment of the femur than a simple
eduction in stiffness (OH). This is likely due to the similar forces
eing transmitted over a reduced load bearing region due to tra-
ecularisation of the endosteum. Previous studies on the effects of
ortical thinning in the distal femur are limited. In a combined nu-
erical and experimental study Zdero et al . [17] investigated how
arying the thickness of the cortex impacted upon the response
f the femur under mechanical testing conditions. Contrary to the
resent study, Zdero et al. concluded that only large amounts of
one loss in the cortical region would lead to a dramatic change
n stiffness, and that the normal effects of aging would have less
mpact on its mechanical properties. A study by Anderson [56] in-
estigated the effects of age related differences in joint torques
nd strain of the proximal femur during gait. It was concluded by
he author that age did not signiﬁcantly inﬂuence the likelihood
f femoral fracture. However, as with the studies conducted by
dero et al . changes to the material properties of the femur be-
ween young and old scenarios were not considered. Furthermore,
n the case of Zdero et al. physiological loading at the knee joint
as not replicated. 
.1. Limitations 
In the present study cancellous and cortical bone stresses and
trains were found to increase with age and thinning of the cortex.
t is important to note that in situations where material proper-
ies degrade over time it is likely that both cancellous and cortical
one regions are simultaneously affected e.g. [57] . If changes to the
ancellous bone structure were also considered this may result in
n even greater proportion of load being carried across the thinned
ortex increasing the potential risk of fracture even further. 
In this study, a medial-lateral load distribution of 60–40% was
ssumed. This obviously results in a larger stress and strain be-
ng observed in the medial region. This would clearly change if
he load distribution were modiﬁed, e.g. if incorporating malalign-
ent due to disease. However, changes to the medial-lateral joint
lignment are unlikely to inﬂuence the dramatic increase in ante-
ior stress and strain observed in this study due to implantation.
nother consideration is that the same magnitude of loading was
onsidered for young and older patient scenarios, while this as-
umption permitted the direct comparison of the inﬂuence of age
nd thinning it may not be fully reﬂective of the in vivo situation
here elderly patients may be more protective of their joints, par-
icularly in the post-operative period following joint replacement
nd as a consequence may avoid full weight bearing on the oper-
ted limb for much longer than their younger counterparts. 
We did not conduct any experimental validation of our simu-
ations, which is a possible limitation. The complex loading expe-
ienced by the knee joint is not easy to replicate in a laboratory
etting. Furthermore, incorporate of age related changes to bone
roperties in the lab would not be straightforward. Though the
rends obtained in this study are likely to be valid; actual quanti-
ative values may be different in an in vivo scenario where loading
s dynamic and subject to external factors of the environment. 
Finally, endosteal trabecularisation of the cortex is usually
ounteracted through apposition on the periosteal surface, partic-
larly in male patients. The present study did not incorporate this
eature and is therefore limited to modelling of female patients,
ho are known to suffer greater bone loss at the endosteal surface,
ith little to no apposition occurring at the periosteum [20,21] .
s the initial response post-osseointegration was of interest in this
tudy, this limitation was deemed acceptable. However, it is recog-
ised that if the long term survival of the prosthesis is of interest
e.g. loosening or fracture), particularly in a male population where
ndosteal trabecularisation is less extreme and apposition plays an
mportant role, then incorporation of a complex bone remodelling
N. Conlisk et al. / Medical Engineering and Physics 38 (2016) 959–968 967 
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 ramework, e.g. [58] , would be required to more adequately cap-
ure the response of the femur to disease progression. 
.2. Clinical signiﬁcance 
Often an average case or limited number of patient speciﬁc
ases is represented during testing and validation of new implant
esigns. However, this does not adequately account for the wide
ange of patients who may undergo TKA with the same prosthesis,
nd as such may not suﬃciently represent all possible clinical sce-
arios. In the current study, the novel application of temperature
ependent material properties as a means of modelling inhomo-
eneity and geometrical changes to the femur was found to be a
owerful tool to allow rapid consideration of multiple clinical sce-
arios using the same base femoral geometry. Furthermore, use of
his methodology allows for the incorporation of such changes in-
ependent of patient speciﬁc CT data, thereby limiting patient spe-
iﬁc parameters from obscuring important trends and inﬂuencing
esults. 
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